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Pair instability supernovae are thought to restrict the formation of black holes in the mass range∼ 50−135 M .
However, black holes with masses within this “high mass gap” are expected to form as the remnants of binary
black hole mergers. These remnants can merge again dynamically in densely populated environments such as
globular clusters. The hypothesis that the binary black hole merger GW190521 formed dynamically is supported
by its high mass. Orbital eccentricity can also be a signature of dynamical formation, since a binary that merges
quickly after becoming boundmay not circularize beforemerger. In this work, wemeasure the orbital eccentricity
of GW190521. We find that the data prefer a signal with eccentricity e ≥ 0.1 at 10Hz to a non-precessing,
quasi-circular signal, with a log Bayes factor lnB = 5.0. When compared to precessing, quasi-circular analyses,
the data prefer a non-precessing, e ≥ 0.1 signal, with log Bayes factors lnB ≈ 2. Using injection studies, we find
that a non-spinning, moderately eccentric (e = 0.13) GW190521-like binary can be mistaken for a quasi-circular,
precessing binary. Conversely, a quasi-circular binary with spin-induced precession may be mistaken for an
eccentric binary. We therefore cannot confidently determine whether GW190521 was precessing or eccentric.
Nevertheless, since both of these properties support the dynamical formation hypothesis, our findings support
the hypothesis that GW190521 formed dynamically.
Introduction.—The first and second observing runs of the
Advanced LIGO [1] and Virgo [2] gravitational-wave obser-
vatories yielded ten observations of stellar-mass black-hole
binaries [3, 4], reported in their first gravitational-wave tran-
sient catalogue [GWTC-1; 5]. The question of how these
binaries came to merge within the age of the Universe remains
unanswered. Proposed formation channels typically fall into
two categories: isolated, in which two stars evolve side-by-
side until they form black holes and coalesce [see, e.g., 6–11],
and dynamical, in which two black holes become bound due
to gravitationally-driven interactions inside dense star clus-
ters [e.g., 12–27] and/or active galactic nuclei disks [28, 29].
Young star clusters may create something of a hybrid channel,
with dynamical interactions seeding stellar binaries, which
evolve to make merging double compact objects [30–32].
The component masses and spins of a black-hole binary can
illuminate its formation history, as can its orbital eccentricity
(e.g., [33–38]). Information about these parameters can be
extracted from the gravitational-wave signal. Both isolated
evolution and dynamical formation can produce black-hole bi-
naries with properties like those presented in GWTC-1, with
component masses m1,m2 . 50M, dimensionless compo-
nent spins a1, a2 consistent with 0, and eccentricities e consis-
tent with 0 at 10Hz [5, 39]. Dynamical formation is the pre-
ferred pathway for binaries with more extrememasses [27, 40–
42], isotropically distributed spin tilt angles [35, 38], and non-
zero orbital eccentricities [19, 23, 43–45].
The mass distribution of black holes that form as the rem-
nants of massive stars is thought to deplete between ∼ 50
and ∼ 135M due to pair-instability supernovae [37, 46–50].
However, the remnants of binary black hole merger events can
have masses within this gap; see, e.g., [3, 51–54]. Second-
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generation mergers—where at least one of the binary com-
ponents is a remnant of a previous merger, potentially within
the mass gap—can occur in the high-density environments
conducive to dynamical mergers [27, 40–42]. Prior to the de-
tection of GW190521, no convincing evidence has emerged
for hierarchical mergers [51–55].
Isolated binaries are thought to circularize efficiently, lead-
ing to negligible eccentricity close to merger [56, 57]. While
it is possible that the late-inspiral eccentricity of field merg-
ers can be increased by Kozai-Lidov resonance [58, 59] dur-
ing three-body [51, 60–64] and four-body [65, 66] interac-
tions in the field, the relative rate of such events is ex-
pected to be small, assuming moderate progenitor metallic-
ities and black-hole natal kicks [60–64]. In contrast, some
dynamically-formed binaries merge so rapidly after becom-
ing bound that they retain non-negligible eccentricity in the
LIGO–Virgo band [23, 24, 43, 44, 67]. Multiple authors [e.g.,
18, 19, 22, 24, 68] show that we can expect O(5%) of all
dynamical mergers in globular clusters to have eccentricities
e > 0.1 at a gravitational-wave frequency of 10Hz.
The LIGO-Virgo Collaboration recently announced the
detection of GW190521, a gravitational-wave signal from
the merger of a black hole binary with component masses
m1 = 85+21−14 M, m2 = 66
+17
−18 M [69, 70]. The data exhibit
a modest preference (log Bayes factor ln B ≈ 2.4) for spin-
induced precession of the orbital plane, suggesting that the
black-hole spin vectors may be significantly misaligned from
the orbital angular momentum axis. If confirmed, the sig-
nature of precession would lend support for the dynamical
hypothesis.
In this work, we show that GW190521 is consistent with
an eccentric merger. For brevity, we hereafter refer to the
eccentricity measured at a gravitational-wave frequency of
10Hz as e10. Our method allows us to study eccentricities
up to e10 ≤ 0.2. Our analysis reveals overwhelming sup-
port for a spin-aligned eccentric signal with e10 ≥ 0.1 over a
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FIG. 1. Results of analysis of GW190521 using SEOBNRE and IMRPhenomPv2. Left: posterior probability density distribution for
eccentricity at 10Hz for GW190521, recovered using SEOBNRE. At 90% confidence, e10 ≥ 0.11. The posterior rails against the upper limit
of the prior, e10 = 0.2, suggesting that the true value lies beyond this waveform-enforced constraint. Right: posterior probability density
distribution for the precession parameter χp for GW190521, recovered using IMRPhenomPv2. The prior probability for each parameter is
shown in gray.
TABLE I. Recovered GW190521 parameter values obtained using eccentric waveform model SEOBNRE, precessing waveform models
IMRPhenomPv2 and NRSur7dq4, and NRSur7dq4 constrained to have aligned spins. For the SEOBNRE analysis, we give the 90%
confidence lower limit on eccentricity at 10Hz. For other parameters, the median of the posterior is given along with the 90% credible interval.
In the final row, we provide the log Bayes factor of each analysis against the signal-to-noise log Bayes factor obtained for e10 ≥ 0.1 using
SEOBNRE (ln BS/N = 85.7).
Parameter (source frame) SEOBNRE IMRPhenomPv2 NRSur7dq4 NRSur7dq4 aligned spin
Primary mass, m1 [M] 92+26−16 126
+61
−41 86
+18
−13 85
+22
−14
Secondary mass, m2 [M] 69+18−19 59
+32
−24 69
+18
−17 61
+15
−17
Luminosity distance, dL [Gpc] 4.1+1.8−1.8 2.4
+2.3
−1.0 4.7
+2.2
−2.2 4.7
+1.6
−1.5
Right ascension, α [rad] 3.6+2.7−3.5 4.3
+1.9
−4.3 3.4
+2.9
−3.4 3.7
+2.6
−3.7
Declination, δ [rad] −0.7+1.4−0.5 −0.7+1.5−0.4 −0.8+1.5−0.4 −0.9+1.6−0.3
Reference phase, φ [rad] 3.1+2.9−2.7 3.0
+3.0
−2.7 3.2
+2.6
−2.6 3.1
+2.9
−2.8
Polarisation, ψ [rad] 1.5+1.5−1.4 1.6
+1.3
−1.5 1.8
+1.2
−1.5 1.6
+1.4
−1.4
Inclination, θJN [rad] 1.3+1.6−1.0 1.4
+1.0
−0.7 0.8
+2.0
−0.6 0.7
+2.2
−0.5
Eccentricity lower limit at 10Hz, emin10 0.11 N/A N/A N/A
Effective spin, χeff 0.0+0.2−0.2 0.1
+0.4
−0.4 0.0
+0.3
−0.3 0.0
+0.2
−0.3
Effective precession, χp N/A 0.7+0.2−0.3 0.6
+0.2
−0.3 N/A
Log Bayes factor against SEOBNRE, ln BX/E 0.0 −2.0 −1.8 −5.0
spin-aligned quasi-circular signal. We use simulated events to
demonstrate that precession and eccentricity cannot be distin-
guished for aGW190521-like signal. We endwith a discussion
of the implications of our results on the potential formation
mechanism of GW190521.
Method.—We construct eccentric posterior probability den-
sity distributions using the method developed in [39], which
is built on those introduced by [71] and [72]. We use the
Bayesian inference library Bilby [73, 74] to perform an analy-
sis using our “proposal”model: the spin-aligned quasi-circular
waveform model IMRPhenomD [75]. We reweight our IMR-
PhenomD posteriors to our “target” model: the spin-aligned
eccentric waveform SEOBNRE [76, 77]. Our prior on eccen-
tricity is log-uniform in the range −6 ≤ log10(e10) ≤ −0.7,
where the upper limit arises from waveform limitations. We
marginalise over the time and phase of coalescence as in [71] to
account for differing definitions of these parameters between
our proposal and target models.
Analysis of GW190521.—We analyze publicly-available
data and noise power spectral densities from [69, 78]. We
reproduce the settings of the LVC analysis for our parameter
estimation, with a data segment of 8 s, a frequency band 11–
512 Hz, and sampling frequency 1024 Hz. In order to assess
the role of waveform systematics, we perform four analyses
using three different waveform models (one waveform is used
twice with two different spin priors). The results of these
analyses are summarized in Table I.
First, we analyze the data using the aligned-spin eccentric
waveform model SEOBNRE. We present the posterior dis-
tribution on the e10 of GW190521 in the left-hand panel of
Fig. 1. The posterior drastically deviates from the log-uniform
prior, strongly favouring eccentricities e10 ≥ 0.1. There is
little support for e10 < 0.1, with 90% of the posterior at
e10 ≥ 0.11. For other parameters, we obtain median pos-
terior values similar to those given in Table 1 of [69, 70],
with a median source-frame total mass M = 161+28−20 M, mass
ratio q = 0.7+0.2−0.3, and χeff = 0.0
+0.2
−0.2. We obtain a luminos-
ity distance, dL = 4.0+1.9−1.7 Gpc, which is slightly lower than
3TABLE II. The 90% credible upper limit on eccentricity at 10Hz, emax10 , and recovered precession parameter χp for different injections with
varying waveform model, e10 and χp settings. For the recovered χp we quote the posterior median and 90% credible interval.
Injected waveform model Injected e10 Injected χp Recovered emax10 with SEOBNRE Recovered χp with IMRPhenomPv2
IMRPhenomD 0 0 0.025 0.39+0.37−0.29
NRSur7dq4 0 0 0.032 0.33+0.40−0.25
SEOBNRE 0 0 0.055 0.42+0.36−0.30
IMRPhenomPv2 0 0.63 0.077 0.43+0.35−0.32
NRSur7dq4 0 0.63 0.118 0.53+0.29−0.37
SEOBNRE 0.13 0 0.136 0.57+0.26−0.39
TABLE III. Parameters shared by all injected waveforms.
Parameter (source frame) Value
Primary mass, m1 [M] 84
Secondary mass, m2 [M] 62
Luminosity distance, dL [Gpc] 5.0
Right ascension, α [rad] 3.3
Declination, δ [rad] 0.5
Reference phase, φ [rad] 6.2
Polarisation, ψ [rad] 1.6
Inclination, θJN [rad] 0.3
Geocent time, t0 [s] 1242442967.46
(but consistent with) the value of 5.3+2.4−2.6 Gpc from the LIGO–
Virgo analysis. Eccentricity causes a faster merger, reducing
the signal power. Thus, in order to match the observed signal-
to-noise ratio with an eccentric template, we may require a
closer source. Additionally, models like SEOBNRE, IMR-
PhenomD and IMRPhenomPv2, which do not contain higher-
order modes, cannot rule out edge-on binaries, which reduces
the median distance estimate [70]. Posterior distribution plots
for all other parameters are available online.[79]
Next, we perform an analysis using the precessing wave-
form IMRPhenomPv2 [80] with otherwise-identical settings.
In Fig. 1, we show the posterior distribution for χp of
GW190521 obtained with IMRPhenomPv2. This analysis
recovers a smaller median dL than the SEOBNRE analy-
sis, with a more extreme mass ratio, q ≈ 0.5. In order to
carry out model selection comparing the IMRPhenomPv2 re-
sults to those obtained with SEOBNRE, we implement an
astrophysically-motivated prior on eccentricity. Theoretical
studies robustly predict that ∼ 5% of binaries that form dy-
namically in globular clusters will have e10 ≥ 0.1; see, for
example, [18, 23]. To investigate this hypothesis, we assume
a log-uniform distribution for log10 e10 ∈ (−1,−0.7). Us-
ing this astrophysically-motivated prior, the eccentric model
is mildly preferred to the precessing model by a factor of
ln BE/P = 2.0. If we repeat the same calculation using the
(less well-motivated) prior range log10 e10 ∈ (−6,−0.7) as in
Fig. 1, the eccentric (E) and precessing (P) waveform models
are almost equally well-supported by the data, with a log Bayes
factor ln BE/P = −0.35.
Finally, we perform computationally-intensive analyses
using the precessing, higher-order-model waveform NR-
Sur7dq4, using parallel Bilby [81] to manage computational
costs. We run two versions of the NRSur7dq4 analysis: one
assuming aligned black-hole spins (no precession) and one al-
lowing arbitrary spin orientations (allowing precession). Oth-
erwise, the assumptions are identical to the IMRPhenomPv2
analysis above. While the two NRSur7dq4 analyses obtain
near-identical results, the analysis that includes precession (P)
is preferred over the no-precession hypothesis with a moderate
ln BP/NP = 3.2. The eccentric SEOBNRE hypothesis (with
e10 > 0.1) is preferred to the precessing and non-precessing
NRSur7dq4 analyses by log Bayes factors of ln BE/P = 1.8
and ln BE/NP = 5.0, respectively.
We perform two additional analyses, identical in almost all
aspects to the NRSur7dq4 studies described above, but with-
out including higher-order modes. If we assume aligned spin,
we obtain results similar to the SEOBNRE analysis. If we
allow for precession, we obtain results similar to the IMRPhe-
nomPv2 results with luminosity distance 2.8+2.2−1.5 Gpc (90%
credibility) and q ≈ 0.5.
Injection studies.—Ideally, one would analyze gravitational-
wave signals usingmodels that include both precession and ec-
centricity. Unfortunately, such models do not yet exist. Thus,
we use numerical tests to explore how our limited waveform
models affect what we infer about eccentricity and precession.
We generate six GW190521-like waveform templates using
different waveform models, each with different values of e10
and χp; see Table II. Other parameters are identical to those
in Table III. Using Bilby, we inject these waveforms into sim-
ulated detector networks consisting of LIGO Hanford, LIGO
Livingston, and Virgo, with noise power spectral densities
matching those used for analysis of GW190521 [69]. For each
injection, we recover the signal using both the aligned-spin
eccentric model SEOBNRE and the quasi-circular precessing
model IMRPhenomPv2.
In Fig. 2, we compare the posterior distributions for e10 (ob-
tained using SEOBNRE) and χp (obtained using IMRPhe-
nomPv2) for all injections. When circular, non-precessing
waveforms are injected, the SEOBNRE analysis recovers pos-
terior distributions for e10 consistent with the prior below the
90% credible upper limit, emax10 ≤ 0.025 (0.032, 0.055) for in-
jected IMRPhenomD (NRSur7dq4, SEOBNRE) waveforms.
For these same waveforms, IMRPhenomPv2 analysis recovers
posteriors consistent with the prior on χp . When we increase
only χp , the posteriors on both χp and e10 skew away from
their priors. This is most notable for the NRSur7dq4 injec-
tions, suggesting that higher-order modes (included in NR-
Sur7dq4, but not in IMRPhenomPv2) may be important for
distinguishing precession and eccentricity. When we increase
4p(
lo
g 1
0(e
10
)|d
)
e10 = 0, p = 0, SEOBNRE
e10 = 0, p = 0, NRSur7dq2
e10 = 0, p = 0, IMRPhenomD
p(
lo
g 1
0(e
10
)|d
)
e10 = 0, p = 0.63, NRSur7dq2
e10 = 0, p = 0.63, IMRPhenomPv2
6 5 4 3 2 1
log10(e10)
p(
lo
g 1
0(e
10
)|d
)
e10 = 0.13, p = 0, SEOBNRE
p(
p|d
)
p(
p|d
)
0.2 0.4 0.6 0.8
p
p(
p|d
)
FIG. 2. Results of SEOBNRE and IMRPhenomPv2 analysis of simulated data using GW190521-like injections. Left: Posterior distributions
for eccentricity at 10Hz for GW190521-like injection studies with varying e10 and χp , obtained using SEOBNRE. Right: Posterior distribution
for precession parameter χp for GW190521-like injection studies with varying e10 and χp , recovered using IMRPhenomPv2. The prior
distributions are shown in gray.
e10, both posteriors deviate from their priors, more signifi-
cantly than for the increased-precession case. These injection
studies demonstrate that, for GW190521-like binaries, preces-
sion may be mistaken for eccentricity, and that the imprint of
eccentricity may be mistaken for that of precession. We pro-
vide the full posterior distributions for all parameters in these
injection studies online. [82]
Discussion.—Assuming the aligned-spin SEOBNRE wave-
formmodel, we infer an eccentricity e10 & 0.1 for GW190521.
We find that the SEOBNRE waveform is slightly preferred
over the circular-waveformmodelsNRSur7dq4 and IMRPhe-
nomPv2, both of which allow for precession. While we lack
a waveform model that can simultaneously account for pre-
cession and eccentricity, GW190521 could be later verified
as the first detection of a binary black hole with e10 ≥ 0.1.
The presence of either precession or eccentricity adds weight
to the hypothesis that the progenitor of GW190521 formed
dynamically.
Samsing [18] predicts there are ∼ 19 dynamical mergers
with e10 < 0.1 for every merger with e10 ≥ 0.1—a prediction
thought to be robust to details about the globular cluster model;
see also [24]. From the public alerts listed on GraceDB[83],
there are O(30) binary black hole mergers from the first half
of LIGO–Virgo’s third observing run (O3a). Combining these
with the results of [5] and [84–86], the total number of binary
black holes observed in gravitational waves is O(50). If globu-
lar cluster mergers dominate LIGO andVirgo’s observed black
hole mergers, we expect 2.5+2.0−2.5 mergers with e10 ≥ 0.1 from
the first 50 binary black hole observations. Thus, it would
not be surprising if GW190521 is determined to be highly ec-
centric. Moreover, if GW190521 is eccentric, then O3a may
provide us with another 1.5+2.0−1.5 events with e10 ≥ 0.1.
We note that while GW190521 may have formed within a
globular cluster, this is not its only viable formation pathway.
Dynamical formation may also occur in active galactic nu-
clei [e.g., 87, 88], nuclear star clusters [e.g., 89] and young
open clusters [e.g., 90]. Certain stellar merger scenarios can
give rise to massive stars that may collapse directly to black
holes with masses like that of GW190521 [e.g., 91]. A black
hole formed in this way may undergo a subsequent dynamical
mergerwith another black hole if its environment is sufficiently
densely populated. Although the high masses of GW190521
render it incompatible with current models of isolated binary
evolution, these masses can be produced in models where var-
ious model assumptions are substantially relaxed [see, e.g.,
92–94].
For GW190521-like signals, we highlight the degeneracy
between eccentricity and precession [95]. This complements
the results of [96], who found that for the gravitational-wave
signal of a head-on black-hole collision (e10 = 1) with total
mass in the range M ∈ (130, 300)M can be indistinguishable
from the signal of a much more distant quasi-circular precess-
5ing binary. Recently, a candidate electromagnetic counterpart
for GW190521 was observed at ≈ 2.8 Gpc [97]. Extrapo-
lating between the e10 = 1 results from [96] and the results
shown here, the detected distance of GW190521 in gravita-
tional waves is consistent with the electromagnetic counterpart
if GW190521 had an eccentricity in the range 0.2 < e10 < 1.0,
a region of parameter space that cannot be fully explored with
existing gravitational waveform models. However, new devel-
opments in eccentric waveforms [see, e.g., 98] may allow us
to start probing previously unexplored parameter space in the
near future.
Note added.—During the final stages of preparation of
this manuscript, we became aware of the work of [99],
who compare numerical-relativity waveform simulations to
GW190521. Numerical relativity waveforms are too compu-
tationally expensive to be used for Bayesian parameter estima-
tion. However, the fact that [99] find that eccentric numerical-
relativity simulations are consistent with GW190521 supports
the conclusions drawn in our work.
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